Unlike single layer graphene, in the case of AB-stacked bilayer graphene (BLG) one can induce a non-zero energy gap by breaking the inversion symmetry between the two layers using a perpendicular electric field. This is an essential requirement in field-effect applications, particularly since the induced gap in BLG systems can be further tuned by the magnitude of the external electric field. Doping is another way to modify the electronic properties of graphene based systems. We investigate here BLG systems doped with boron and nitrogen in the presence of external electric field, in the framework of density functional theory (DFT) calculations. Highly doped BLG systems are known to behave as degenerate semiconductors, where the Fermi energy depends on the doping concentration but, in addition, we show that the electronic properties drastically depend also on the applied electric field. By changing the magnitude and the orientation of the electric field, the gap size and position relative to the Fermi level may be tuned, essentially controlling the effect of the extrinsic doping. In this context, we discuss in how far the external electric field may suitably adjust the effective doping and, implicitly, the conduction properties of doped BLG systems.
Introduction
With the ongoing progress in the development of single layer graphene (SLG) [1] based electronic devices, few layer graphene (FLG) [2] receives more and more attention. In particular, bilayer graphene (BLG) shares many of the electronic, mechanical and chemical properties with SLG, however with a notable difference. While SLG suffers from the well know gap problem, in bilayer graphene one can induce a tunable electronic gap by the use of an external electric field [3, 4] . This is significant as it opens the path for a wide variety of field effect applications like field-effect transistors (FETs) with high on/off current ratio [5] , thermoelectric devices [6] , graphene based bolometers as photo-detectors [7] , electrically controlled adsorption of oxygen [8] , electronic spin transport [9] and modulation of spin-orbit interaction for spin FETs [10] , as well as applications in photonics [11] .
Engineering a band gap in SLG is problematic as the different procedures involved, e.g. by limiting the lateral width in graphene nanoribbons, hybridization induced by adsorbed molecules, chemical modifications or using the influence of substrates, may significantly alter the properties of pristine graphene. Reducing the symmetry from C 6v to C 3v by breaking the symmetry of A and B sublattices is employed in most cases, being a generic method for inducing a band gap in SLG [12] . In the pristine BLG system with Bernal AB stacking, the inversion symmetry breaking between the two layers can be achieved by applying an external electric field, leading to Boron and nitrogen doped SLG and BLG were synthesized by arc discharge using boron-packed graphite electrodes and in the presence of ammonia, respectively [17] . First-principles electronic band structure calculations of the doped BLG systems consistently explain the n-and p-type behavior and scanning tunneling microscopy (STM) images [18, 19] . Tightbinding models have been also employed in the description of doped BLG systems [20, 21] . Furthermore, in the absence of an electric field the gap of BLG can be chemically tuned by doping [22, 23, 24] and functionalization [25, 26] . Applying strain on doped BLG is another approach, by which the mechanically tunable electronic energy gap can be achieved [27] .
Highly doped BLG systems behave as degenerate semiconductors and are well suited as contact regions and interconnects, which can be more easily embedded in the host semiconductor compared to metallic electrodes. Moreover, degenerate semiconductors are typically employed as transparent conductors, presenting high conductivity even at low temperatures. We investigate here the combined effect of doping and external electric field in BLG systems, which has not been explored in detail so far, and yet it is crucial in the context of gap tuning by stacked gates. We show that the Fermi energy can be modified by two parameters, one intrinsic and one extrinsic, namely the doping concentration and the electric field. This suggests the possibility of adjusting the conduction properties and allows for a local reconfiguration of device attributes, for example in p-n junctions with tunable chemical potentials [28] .
Model systems and computational methods
We consider boron and nitrogen doped BLG systems with AB stacking, which is the ground state configuration, while AA stacking corresponds to a higher energy state. A 5 × 5 supercell with 100 atoms is depicted in Fig. 1 , showing the A and B type positions in the two layers: in top view B 1 and B 2 sites overlap, in contrast to A 1 and A 2 sites. In the following, we analyze the influence of the dopant site for systems with one impurity in the supercell, placed in the top layer and two impurities in the supercell, one in each layer. Larger systems are also investigated in connection with decreasing the doping concentration, up to 14 × 14 supercells containing 784 atoms. Different impurity configurations are also explored in order to analyze in more detail the potential modifications of the electronic properties.
The DFT calculations are performed using the SIESTA code [29] employing the vdW-DF functional of Dion et al. (DRSLL) [30] , which accurately reproduces the experimental interlayer distance of 3.35Å and allows a consistent description of the electronic properties [31] . The self-consistent solution of KohnSham equations was obtained using the DZ basis set, a grid cutoff of 500 Ry and norm-conserving pseudopotentials of Troullier and Martins [32] with a typical valence electron configurations for carbon, boron and nitrogen. For the Brillouin-zone integration a 11×11×1 k-points were used in the Monkhorst-Pack scheme, while for generating the density of states (DOS) a finer grid of 101 × 101 × 1 k-points is used. In the supercell approach the atomic positions are optimized until the residual forces are less than 0.04 eV/Å. For the doped BLG systems considered here, the C-B and C-N bond lengths are sharply peaked around 1.47Å and 1.41Å, respectively. The C-B bond length is considerably larger than the C-C bond length of pristine graphene of 1.42Å, in contrast to the C-N bond which is slightly shorter than the C-C bond, as reported in other studies [33, 34] . For the systems considered here, the relatively low doping has little influence on the interlayer distance so that it remains practically unchanged. The electronic properties of doped BLGs are analyzed considering external electric fields up to a few V/nm, applied perpendicular to the graphene planes, as they are typically employed in order to open the energy gap in pristine BLGs [4, 35] .
Results and discussion
The symmetry breaking in BLG systems can be achieved by doping or applying external electric fields, which results in the appearance of a gap in the density of states. For high level doping of BLGs using boron or nitrogen, one obtains degenerate p-type or n-type semiconductors, respectively. In this case, the Fermi level is located in the conduction band or valence band, depending on the doping type. When both doping and external electric field are present, one expects a combined effect which produces either an overall enhancement or a reduction of the symmetry breaking effect. Figure 2 shows the density of states for B-and N-doped BLG systems, with one impurity in the 5 × 5 supercell, as well as for the pristine BLG added for comparison. For zero electric field, the gap is absent in the case of pristine BLG, while clearly defined energy gaps are visible for the doped systems. The Fermi energy (E F ) measured from the top of the valence band (Bdoping) or bottom of the conduction band (N-doping) is about 0.47 eV for the A 1 site and slightly higher for the B 1 site. The energy reference (E = 0) corresponds to the Fermi level in each case. Applying the electric field, the gaps are shifted and change their magnitude. For B-doped BLG, an electric field of 5 V/nm, oriented along the z-direction, enhances the energy gap, while the Fermi energy becomes smaller, E F ≈ 0.3 eV. By contrast, changing the orientation of the electric field to −z, the gap is diminished and shifted towards higher energies. Considering now the n-type doping by nitrogen atoms, the electronic properties are reversed with respect to the orientation of E field . This behavior can be correlated with the distribution of charges on the impurities and within the two graphene layers, as discussed in the following. One should also mention that boron substitutions are energetically more favorable on B 1 sites by 8 meV, while for nitrogen substitutions, A 1 sites lead to smaller energies by 19 meV.
The charge transfer between the two graphene layers in doped BLG systems is illustrated in Fig. 3 . The pseudocharge density difference ∆ρ = ρ B/N − ρ 0 describes the amount of electron charge in B-and N-doped systems (ρ B/N ) relative to the charge distribution in pristine BLG (ρ 0 ). The n-and p-type impurities concentrate a certain amount of positive and negative charge at the impurity sites, respectively. The opposite charge is found mostly within the bottom layer, just below the boron or nitrogen atoms, while alternating regions of charge surround the impurities in the top layer. This distribution of charge is visibly influenced by the presence of the electric field, specifically on its orientation, which induces an extra dipole moment. In the case of B-doped BLGs, setting E field < 0 more electron charge is transferred to the upper layer, while the opposite occurs for E field > 0. Therefore, in Fig. 2(a) , the blue patch in the lower layer decreases as the field changes orientation, indicating that more negative charges are displaced towards the upper layer at E field = −5 V/nm compared to zero field case and the reverse trend is found for E field = 5 V/nm. Evidently, the N-doped sys- tems show the opposite behavior in Fig. 3(b) . The tuning of the Fermi energy can be achieved by gradually varying E field , as indicated in Fig. 4 . For B doping, E F decreases as the electric field is switched from negative to positive values, in contrast to the N doping case. Basically the same trend is obtained, irrespective of the impurity site, A 1 or B 1 . However, B 1 sites are less efficient in producing the interlayer asymmetry, resulting in relatively smaller gaps compared to the substitutions on A 1 sites (see Figs. A.8 and A.9) . This can be correlated with the charge distribution in the two configurations, A 1 and B 1 , as described in Fig. A.10 , which suggests a larger dipole moment is obtained when the impurity is placed at the A 1 site. For high enough electric field magnitudes the gap is completely closed in the case of B 1 substitutions, which renders an enhanced metallic like behavior as the density of states becomes finite, unlike the typical degenerate semiconductor, where the Fermi energy is only about a few hundreds meV. In this case, in the absence of a gap, E F represents the energy corresponding to the DOS minimum in absolute value, measured from the Fermi level.
We also compare the single layer doped BLGs with systems which have substitutional boron and nitrogen impurities in both layers, placed on A 1 − A 2 , A 1 − B 2 and B 1 − B 2 positions. For each pair of sites the minimal distance between the two impurities was considered. If the impurities are of the same type, the largest gaps are obtained for substitutions in A 1 − B 2 positions, as shown in Fig. 5 . Compared with the previous case, where one substitutional impurity was located within the top layer, here the gap shifts are rather small, while there is still a significant variation of the gap energy with respect to the electric field magnitude and sign. However, the Fermi energy is larger, as the doping concentration doubles. The asymmetry introduced in the A 1 − B 2 configuration introduces a small gap in the absence of an electric field, in contrast to A 1 − A 2 and B 1 − B 2 configurations, where the DOS is quite similar with the one of pristine graphene, i.e. gap-less but shifted with respect to E F . One should also note that for A 1 − A 2 and B 1 − B 2 con- figuration the two orientations of the electric field are equivalent. Regarding the formation energies, similarly to the systems with one impurity in the supercell, for boron substitutions the B 1 − B 2 configuration yields the lowest energy, closely followed by A 1 −B 2 (+5 meV) and A 1 −A 2 (+6 meV). For nitrogen substitutions, the sequence of total energies is reversed: taking A 1 −A 2 configuration as reference, we find higher energies for A 1 − B 2 (+22 meV) and B 1 − B 2 (+41 meV).
If the two impurities are different, e.g. boron in the top layer and nitrogen in the bottom layer, the BLG system becomes an intrinsic semiconductor, with a small gap (∼ 0.1 − 0.2 eV) at zero electric field as depicted in Fig. A.11 , with a small variation due to doping positions. In this case, the B-N pair induces a local field and it was found that A 1 − A 2 substitutions are most effective in inducing the energy gap, compared to the other two. Applying the external electric field, there is a relatively small gap tuning, although the density of states changes significantly. Concerning the different types of substitutions the same trend is obtained independent on E field . One expects that additional boron and nitrogen substitutions, in equal amounts, would further enhance the semiconducting gap of the modified BLG. If the extrinsic impurities are present in the same layer the formation of embedded hexagonal boron nitride domains may further enhance the gap.
An important technological aspect concerns the field effect in the context of varying the doping concentration. One question that arises is to what extent doped BLGs retain the conductive behavior under applied electric field. By increasing the supercell dimension, while keeping one impurity in the top layer, we reduce the doping towards the intrinsic limit. Structures with substitutional impurities placed on A 1 positions are investigated. Figure 6 shows the DOS of B-and N-doped BLG systems with unit cells ranging from 4 × 4 to 14 × 14, which corresponds to lowering the doping concentration from 1:64 to 1:784. In the high doping limit, as previously discussed, wide gaps are visible even in the absence of external field, while for E field = ±5 V/nm the gaps are shifted in opposite directions. The DOS near the gap edges is enhanced for one field orientation and diminished for the other one. As the doping concentration decreases, the Fermi energy is getting smaller, from ∼ 500 meV (4 × 4) to less than ∼ 50 meV (14 × 14) . At very low doping concentrations, the gaps tend to vanish when no electric field is applied. In addition, the orientation of the field becomes less and less relevant, as the gap shift decreases. At this point the effects produced by the external electric field are beginning to dominate the local fields due to the extrinsic impurities, as one can see from Fig. 7 . If one further lowers the doping concentration, it is expected that for a finite electric field, the Fermi level will enter the gap, resembling the intrinsic BLG with nondegenerate semiconductor behavior. Our results suggest that this transition may be indeed achieved provided the doping concentration is sufficiently low and the electric field high enough. At the same doping concentration in BLG systems with nitrogen substitutions the Fermi energy is comparatively smaller. One should also note from Fig. 7 that for a doping concentration of ∼0.35 %, for both types of impurities, the Fermi energy at an applied electric field of ±5 V/nm is the same as without field. This point marks the doping concentration value below which the action of the electric field overcomes the effects introduced by impurities. In order to analyze comparatively the stability of the boron and nitrogen doped systems, with concentrations between 0.13% (14 × 14) and 1.56% (4 × 4), we calculate the formation energies, defined as E f = E d−BLG − i n X i µ X i , with X i = C, B or N, where E d−BLG is the total energy of the doped BLG and µ C , µ B , µ N are the chemical potentials in pristine BLG, α-boron crystal and N 2 molecule, respectively. For the largest doping concentration, we find for boron substitution in the 4 × 4 system a formation energy of 1.02 eV, while for nitrogen substi- tutions a significantly smaller formation energy of 0.44 eV is obtained. These values are close to the ones reported for boron doped graphene monolayer systems of the same supercell size [33, 36, 37] and nitrogen doped graphene [33, 38] , indicating that N substitutions are more stable. However it should be noted that by decreasing the doping concentration, in the dilute limit corresponding to the largest system (14 × 14), E f is reduced by ∼0.3 eV for both boron and nitrogen doping, a trend which was also observed in B/N doped graphene monolayer systems [33, 36] .
A few comments should be made regarding potential disorder effects. Compared to configuration averages performed by extensive ab initio calculations using large supercells, a tightbinding model calibrated on DFT based calculations represents a more feasible approach [23] . Here it was shown that if random disorder is applied, by distributing boron atoms in one of the layers, the gap still persists and it is shifted towards higher energies. This analysis was performed for the zero field case, revealing also the importance of impurity distribution amongst the two sublattices. In connection to potential variations of the electronic properties related to the distribution amongst the two sites, we investigate in more detail a 10 × 10 system, doubling the linear size of a 5 × 5 system. Different configurations of impurities, from all-B 1 positions to all-A 1 positions, labeled as A and E configurations, respectively, are considered as depicted in Fig. A.12 . We find that the intermediate configurations, denoted by B, C and D, exhibit a rather similar behavior to the completely ordered instances, except for some minor changes in the Fermi energy and gap magnitude (Fig. A.13) . Therefore, we conclude that, overall, the substitutional sites are less relevant to the electronic properties of doped BLGs, at least in the limit of weak disorder. More importantly, the energy gap can be tuned by both doping concentration and external field, which both parametrize the transition between the semiconducting and the metallic like behavior.
Conclusions
We investigated the combined effect of doping and external electric fields in BLG systems. The extrinsic impurities produce the symmetry breaking between the two graphene layers, inducing gaps in the valence or the conduction band, which can be further controlled by the external electric field. Highly doped BLGs with boron and nitrogen behave as degenerate semiconductors with a tunable Fermi energy, while by lowering the doping concentration the non-degenerate behavior can be recovered, particularly when a proper electric field is applied. For low enough impurity doping or for preferential sublattice substitutions present in both graphene layers the gap may close in the absence of the electric field. In this context, a semiconductor -metal like transition in doped BLGs may be triggered by the external electric field, depending also on the extrinsic doping. Our results suggest the possibility of adjusting the effective doping in BLGs by employing electric fields, which has a twofold implication in potential BLG based integrated circuits. First, since the p-n, p-i-n junctions and the contact lines using degenerate semiconductors are primary structures in the standard CMOS technology, achieving reconfigurable device properties of basic electronic components is an important goal which shall be advocated for also in a bior multi-layer graphene based technology. Secondly, by using stacked gates one can influence the conductive behavior even in highly doped regions, by externally setting the magnitude of the electric field, while fixing the doping concentration. 
